Active DNA transposons are important tools for gene functional analysis. The endogenous non-autonomous transposon, nDart1-0, in rice (Oryza sativa L.) is expected to generate various transposon-insertion mutants because nDart1-0 elements tend to insert into genic regions under natural growth conditions. We have developed a specific method (nDart1-0-iPCR) for efficient detection of nDart1-0 insertions and successfully identified the SNOW-WHITE LEAF1 (SWL1) gene in a variegated albino (swl1-v) mutant obtained from the nDart1-promoted rice tagging line. The variegated albino phenotype was caused by insertion and excision of nDart1-0 in the 5 0 -untranslated region of the SWL1 gene predicted to encode an unknown protein with the N-terminal chloroplast transit peptide. SWL1 expression was detected in various rice tissues at different developmental stages. However, immunoblot analysis indicated that SWL1 protein accumulation was strictly regulated in a tissue-specific manner. In the swl1 mutant, formations of grana and stroma thylakoids and prolamellar bodies were inhibited. This study revealed that SWL1 is essential for the beginning of thylakoid membrane organization during chloroplast development. Furthermore, we provide a developmental perspective on the nDart1-promoted tagging line to characterize unidentified gene functions in rice.
Active DNA transposons are important tools for gene functional analysis. The endogenous non-autonomous transposon, nDart1-0, in rice (Oryza sativa L.) is expected to generate various transposon-insertion mutants because nDart1-0 elements tend to insert into genic regions under natural growth conditions. We have developed a specific method (nDart1-0-iPCR) for efficient detection of nDart1-0 insertions and successfully identified the SNOW-WHITE LEAF1 (SWL1) gene in a variegated albino (swl1-v) mutant obtained from the nDart1-promoted rice tagging line. The variegated albino phenotype was caused by insertion and excision of nDart1-0 in the 5 0 -untranslated region of the SWL1 gene predicted to encode an unknown protein with the N-terminal chloroplast transit peptide. SWL1 expression was detected in various rice tissues at different developmental stages. However, immunoblot analysis indicated that SWL1 protein accumulation was strictly regulated in a tissue-specific manner. In the swl1 mutant, formations of grana and stroma thylakoids and prolamellar bodies were inhibited. This study revealed that SWL1 is essential for the beginning of thylakoid membrane organization during chloroplast development. Furthermore, we provide a developmental perspective on the nDart1-promoted tagging line to characterize unidentified gene functions in rice.
Introduction
Active transposons have been widely used as a tagging tool to elucidate gene functions (May and Martienssen 2003, Miyao et al. 2007 ). The non-autonomous DNA transposon, nDart1-0, was identified in a rice virescent mutant (Oryza sativa japonica L., cv. Taichung 65 background), pale-yellow leaf-variegated (pylv; Tsugane et al. 2006) . The nDart1 elements are actively transposed in the presence of an active autonomous element, aDart1, encoding a transposase gene (Nishimura et al. 2008 , Shimatani et al. 2009 ), but aDart1 itself is not excised because of epigenetic regulation under natural growth conditions (Eun et al. 2012) . Using the endogenous nDart1/aDart1 system, which possesses desirable features for gene tagging in rice, we developed the nDart1-promoted gene tagging line . The rice genome bears nDart1-0, which is most frequently transposed and integrated into various sites over most of the genome, and its closely related non-autonomous elements, nDart1-1-nDart1-12 (Tsugane et al. 2006 , JohzukaHisatomi et al. 2008 , Hayashi-Tsugane et al. 2011 . Since nDart1-0 has a few base substitutions compared with other nDart1 elements, to distinguish insertion sites of nDart1-0 from other nDart1 elements in the genome, the amplified fragment length polymorphism-based transposon display (TD) procedures, nDart-TD and nDart1-0-TD, were developed (Takagi et al. 2007 , Takagi et al. 2010 . Furthermore, in this study, we developed an inverse PCR (iPCR)-based procedure, nDart1-0-iPCR, specifically to detect nDart1-0 insertion sites. The alternative method is helpful in cases where no appropriate restriction site exists next to the insertion site in TD.
Proplastids, the progenitor plastids in plants, have the ability to differentiate into particular plastid types depending on tissue types and environmental factors. A photosynthetic plastid chloroplast performs biosynthesis of fatty acids, amino acids, nucleotides, vitamins and plant hormones. Mature chloroplasts containing thylakoid membranes and chlorophylls (Chls) are developed from proplastids exposed to light. In rice, the development of leaf cells and plastids through leaf developmental stages (stages P0-P6) is anatomically characterized (Itoh et al. 2005 , Kusumi et al. 2010 . Leaf primordia contain undeveloped plastids with poorly developed internal membrane systems. During the P4 stage, leaves and chloroplasts morphologically change, and chloroplasts rapidly develop thylakoid membrane structures (Kusumi et al. 2010) . In dark-germinated seedlings, proplastids differentiate into etioplasts characterized by prolamellar bodies (PLBs) with paracrystalline lattice-like membrane structures. Etioplasts contain the complex internal membrane structure as well as chloroplasts, and some thylakoid components are also present in PLBs (Solymosi and Schoefs 2010) . Light induces the conversions of protochlorophyllide and PLBs to Chl and thylakoid, respectively, in etioplasts, and an etioplast transforms into a chloroplast. However, most chloroplast development by-passes the etioplast pathway (Robertson and Laetsch 1974 , von Wettstein 2001 , Pogson and Albrecht 2011 . Chloroplast development is regulated by nuclear-and plastid-encoded genes. In Arabidopsis and rice, 2,090 and 4,853 chloroplast-localized proteins are predicted, respectively, by the N-terminal sequences (Richly and Leister 2004) . The SeedGenes database (Meinke et al. 2008 ; http://www.seedgenes.org) collects data sets of essential genes for Arabidopsis seed development, while the Chloroplast Function Database (Myouga et al. 2013 ; http://rarge.psc.riken.jp/chloroplast) provides molecular and phenotypic information of Arabidopsis mutants of nuclearencoded chloroplast proteins. Recent studies using Arabidopsis embryo-defective (emb) mutants have suggested a close relationship between plant embryogenesis and plastid development (Hsu et al. 2010 , Myouga et al. 2010 , Bryant et al. 2011 . Roughly 30% of the 400 EMB genes encoded chloroplast-localized proteins (Bryant et al. 2011) . Interestingly, defects of the EMB genes had different impacts on cereals. Some researchers reported albino mutants in monocots caused by mutation in orthologs of Arabidopsis EMB genes. They suggested that variations of plastid gene contents and chloroplast specializations affect the difference in embryo viability between monocot and dicot plants (Richly and Leister 2004, Comparot-Moss and Denyer 2009 ). For example, maize and rice lack the plastid genes ycf1, ycf2 and accD, which are essential in Arabidopsis (Maier et al. 1995 , Drescher et al. 2000 , Kode et al. 2005 , and a plastid splicing factor CAF2 is required for Arabidopsis embryogenesis, but not for maize embryogenesis (Asakura and Barkan 2006) . In Arabidopsis, which stores nutrients in the embryo, chloroplast biogenesis is indispensable for embryo development. The embryos begin chloroplast formation after the late globular stage of development, and the green plastids synthesize important products (Berger 1999) . The chloroplasts eventually lose Chl through dedifferentiation, and the embryos form dry mature seeds following desiccation. Meanwhile, endosperm supports embryogenesis as a major nutrient resource in cereals. ADP-glucose, involved in starch biosynthesis, is synthesized in plant plastids but also in endosperm of cereals (Comparot-Moss and Denyer 2009). Studies using monocot models would provide new perspectives on the functions of plastid-localized proteins because Arabidopsis seems to be more sensitive to the loss of chloroplast-related genes than are monocots.
To understand chloroplast biogenesis and development, various chloroplast-defective mutants have been analyzed, yet they remain to be discovered. Although analyses of albino plants provide important information about the mechanisms of plastid development, albino mutants are seedling lethal under natural growth conditions, owing to the complete loss of photosynthetic apparatus. Variegated mutants are excellent models for exploring the mechanism of chloroplast biogenesis because green and white sectors in the leaves allow an increased chance of survival (Sakamoto et al. 2003 , Yu et al. 2007 ). In some cases, variegated mutants have the same genotype in the green and non-green cells (Kato et al. 2012 , Sakuraba et al. 2013 . In order to explain the interesting phenotypes, a threshold model and compensating mechanisms are proposed (Foudree et al. 2012) . In other cases, the two types of cells have different genotypes. The variegation caused by somatic excision of a DNA transposon is known as a mutable allele. The endogenous nDart1/aDart1 tagging system is a powerful tool for investigating various unidentified and/or uncharacterized albino alleles. Here we report a novel variegated albino mutant, snow-white leaf1-variegated (swl1-v), caused by insertion and excision of nDart1-0 in the SNOW-WHITE LEAF1 (SWL1) gene. Since available data suggest that the SWL1 gene acts in normal plastid development, we discuss its possible/putative functions in rice.
Results

Phenotypic analysis of the mutable albino plant
The variegated albino plant swl1-v obtained from the nDart1/ aDart1 active line was postulated to bear the recessive swl1 allele containing nDart1-0 homozygously and the active autonomous aDart1 element in the heterozygous condition. The swl1-v line produced not only mutable albino swl1-v but also stable albino progeny snow-white leaf1-stable (swl1-stb) carrying the swl1 allele homozygously without aDart1 at a ratio of 3 : 1. No difference was observed between wild-type seeds and swl1-stb seeds, but swl1-stb plants developing white shoots did not grow beyond the seedling stage. The swl1-v plants with large green sectors (Fig. 1a) and with fine sectors (Fig. 1b) on a white background are typical examples of this. The aDart1-dependent somatic excisions of nDart1-0 from the swl1 allele produced the leaf variegations that developed in the cell lineage of individuals. The leaf cross-section showed normal green cells and albino cells (Fig. 1c) . In extreme cases, the swl1-v plant could develop white panicles and grains (Fig. 1d) . Indeed, the original swl1-v plant obtained set a few seeds through self-pollination.
Identification of the swl1 allele by nDart1-0-iPCR
We have developed an nDart1-0-iPCR to identify the insertion sites of only the most active nDart1-0 element among the nDart1 elements. The nDart1-0-iPCR method was employed to identify the swl1 allele. The AluI restriction fragment of the 5 0 part of nDart1-0 carries no unique BmtI site, whereas those of other nDart1 elements bear unique BmtI sites (Fig. 2a) . Digestion of the self-ligated molecules with BmtI followed by iPCR amplification produces amplified fragments containing 5 0 -flanking sequences of nDart1-0 (Fig. 2b) . The BmtI-cleaving step is a prerequisite for eliminating the amplification of 5 0 -flanking sequences of the other nDart1 elements ( Fig. 2b ; Supplementary  Fig. S1 ). In the swl1-stb mutant, a 270 bp fragment containing the 5 0 -flanking sequences of nDart1-0 detected was derived from the nDart1-0 inserted 13 bp upstream of the ATG initiation codon of a putative gene, Os04g0497900 (Fig. 3a) . Subsequent PCR analysis with primers flanking the nDart1-0 elements revealed that nDart1-0 insertion in the swl1-stb plant was in the homozygous condition (Fig. 3b) . The amplified fragment from the swl1-v plant that was identical in size to that from the wild type was probably due to the somatic excision of nDart1-0 (Fig.  3b) that was frequently observed in other variegated alleles (Tsugane et al. 2006) . The results suggest that nDart1-0 insertion and excision in the putative gene, Os04g0497900, conferred the swl1-v phenotype.
Excision of the nDart1 element from a mutant allele causes germinal and somatic reversions. The nDart1-promoted mutants often produce germinal revertants in their progeny, and the frequencies of such reversions varied from plant to plant. To assess whether the swl1 mutant is indeed caused by the insertion of nDart1-0, we examined the excision of nDart1-0 from the swl1 allele in the germinal or somatic revertants. One germinal revertant derived from the swl1-v plant and independent green sectors of four swl1-v plants were characterized. A germinal revertant with the swl1-R allele was found to carry a 7 bp insertion and a nucleotide substitution as a footprint at the nDart1-0 insertion site in the 5 0 -untranslated region (UTR) of Os04g0497900 (Fig. 3c) . While one of the somatic revertant alleles, swl1-sx1, coincided with the germinal revertant allele swl1-R, the remaining three somatic revertant alleles were all different. Based on these results, we can conclude that the SWL1 gene corresponds to Os04g0497900.
Transcripts of the swl1 gene
We determined the structure of full-length SWL1 transcripts in wild-type plants. The SWL1 gene comprised a single exon with 64 bp of the 5 0 UTR and 257 bp of the 3 0 UTR, and was predicted to encode 628 amino acids. To examine the effect of nDart1-0 insertion into the 5 0 UTR of the SWL1 gene on SWL1 expression, reverse transcription-PCR (RT-PCR) analysis was performed using swl1-stb plants. We first used a primer set to amplify the 3 0 region of the SWL1 gene, but no significant difference was detected in the expression levels between the wild-type and swl1-stb plants (Fig. 4a) . Then a primer set specifically designed for the 5 0 end of the SWL1 gene was used for RT-PCR. We detected no expression of SWL1 in swl1-stb plants (Fig. 4a) . These results suggest that insertion of nDart1-0 into the 5 0 UTR altered the SWL1 transcription initiation site. Therefore, 5 0 -rapid amplification of cDNA ends (5 0 RACE) analysis was performed to determine the transcription initiation site of SWL1 in the swl1-stb plant. In the wildtype plant, the major transcription initiation site was 64 bp upstream of the ATG initiation codon of SWL1, and all transcription started upstream of the ATG (Fig. 4b) . On the other hand, the two major transcription initiation sites were 35 and 71 bp downstream of the ATG initiation codon in swl1-stb, and none of the transcripts contained the first ATG codon (Fig. 4b) . The truncated transcripts in swl1-stb may be untranslatable. Even if these truncated transcripts could initiate translation from a downstream ATG codon, the produced peptide must be an out-of-frame product and dysfunctional. In any case, the swl1 allele is sufficient to confer an albino phenotype as long as nDart1-0 remains integrated within the SWL1 gene.
Complementation assay of swl1-stb
To confirm that the swl1 phenotype is caused by the disruption of the SWL1 gene, SWL1-overexpressing transgenic plants were generated. The complementation assay was performed by introducing the Caulifower mosaic virus (CaMV) 35S promoter-driven SWL1 full-length cDNA into the swl1-stb plants. 0 end of the nDart1-0. The nDart1-0 carries a unique AluI (AGCT) site due to a G to A transition at position 173 from the corresponding sequence of the other nDart1 elements in Nipponbare, and all of the nDart1 elements contain an AluI site at position 284 and a unique BmtI (GCTAGC) site at position 247. (b) Schematic flow of nDart1-0-iPCR applied to nDart1-0 and the other nDart1 elements. The genomic DNA digested with AluI is subjected to self-ligation. After digesting with BmtI, iPCR amplification was carried out with primers Inv3 and Inv5. The nested PCR amplification was followed with primers Inv4 and Inv6.
The Agrobacterium-mediated transformation was carried out using calli with the homozygous or heterozygous swl1 allele derived from the seeds of the heterozygous line (SWL1/swl1-stb). Transgenic plants were successfully derived only from calli that carried the swl1 allele in the heterozygous condition. The albino phenotype of the T 2 transgenic plants bearing the homozygous swl1 allele was complemented with the SWL1 cDNA clone. Typical examples of transgenic plants are shown in Fig. 4c . The transgene(s) rescued the swl1 mutant phenotype in five independent transgenic lines.
Phylogenetic analysis of SWL1 orthologs
To predict the function of the SWL1 gene, homology searches were performed. Our database searches revealed that SWL1-like genes were present only in green land plants including monocots, dicots, lycophytes and bryophytes (Fig. 5a) . SWL1-like genes, which were candidates for orthologous genes in each species, appeared to be conserved in all green land plants, but not in chlorophytes. Phylogenetic analysis demonstrated that SWL1 in rice was grouped in a monocot-specific clade where the putative SWL1 proteins were encoded by single-copy genes (Fig. 5a ). SWL1 and the orthologs were functionally unknown proteins, and they did not belong to known gene families. Target signal prediction programs, TargetP (http://www.cbs.dtu.dk/services/TargetP) and WoLF PSORT (http://wolfpsort.org), identified chloroplast transit peptides at the N-terminal regions of the SWL1 proteins (Fig. 5b) .
Comparison of the SWL1-like amino acid sequences showed that the middle region, I, and the C-terminal region, II, were highly conserved among all species (Fig. 5b) . No functional domain was found in SWL1 and SWL1-like amino acid sequences, but they carried a glutamic acid (E)-and/or aspartic acid (D)-rich region (Fig. 5b) . E/D domains were identified in some transcription-associated proteins that do not contain DNA-binding domains (Stros et al. 1994 , Trifa et al. 1998 , Gavva et al. 2002 ). Although it is not possible to predict the function under the current informatics approach, SWL1 may function by forming a complex with another factor(s).
Subcellular localization of SWL1
Due to the prediction of the N-terminal transit peptide of 65 amino acids, the localization of the SWL1 protein in chloroplasts was anticipated (Fig. 5b) . To confirm the prediction, the subcellular localization of SWL1 was examined using the enhanced green fluorescent protein (EGFP) fusion protein.
The SWL1 protein fused to the N-terminus of the EGFP was transiently expressed in tobacco leaves, containing large and easily visible chloroplasts in the guard cells. The EGFP signals were clearly detected in chloroplasts co-localized with the autofluorescence of Chls in the tobacco leaves (Fig. 6a, b) . On the other hand, the SWL1 protein fused to the C-terminus of the EGFP was observed in the cytosol ( Supplementary Fig. S2 ). These results indicate that SWL1 is a plastid-targeted protein with N-terminal transit peptides.
Tissue specificity of SWL1 gene expression RT-PCR analysis was performed to examine the tissue specificity of SWL1 gene expression in the wild-type plant. As expected, the SWL1 transcripts were uniformly expressed in green tissues including young shoots, leaves and shoot apical meristems of the adult plant. The transcript was also detected in non-green tissues such as calli, embryos and roots (Fig. 7a) . SWL1 was expressed in several tissues containing various types of plastids under light conditions. Furthermore, we tested SWL1 expression in dark-grown seedlings, which developed etioplasts. RT-PCR analysis using dark-grown seedlings showed that the etiolated leaves had expression levels similar to those of green leaves grown under light conditions (Fig. 7b) . The results clearly indicate that SWL1 gene expression is not tissue specific, and illumination does not affect the transcription level.
SWL1 protein accumulation in rice tissues
The SWL1 transcript was abundant in green tissues as well as in non-green tissues (Fig. 7a, b) . To confirm SWL1 protein abundance in different tissues, Western blot analysis was performed (Fig. 4) . (b) Genotyping of wild-type (WT) and swl1 plants by PCR analysis. The filled and open arrowheads indicate PCR-amplified bands using primers SWL-1F and SWL-1R with and without the nDart1-0 insertion, respectively. (c) Sequence of the footprints generated by the nDart1-0 excisions. The WT, swl1-stb, germinal revertant and somatically excised alleles are indicated by SWL1-W, swl1-stb, swl1-R and swl1-sx, respectively. Target site duplication generated by nDart1-0 insertion at the swl1-stb locus is underlined.
using an SWL1-specific antibody. The results showed that the SWL1 protein accumulated at a relatively low level in etiolated leaves as compared with the accumulation in green leaves (Fig. 7c) . Some etiolated leaves accumulated SWL1 at very low levels, and the SWL1 protein levels varied among etiolated leaves ( Supplementary Fig. S3 ). This fluctuation of SWL1 abundance may be due to the difference in etioplast development since the etiolated plants containing relatively abundant SWL1 proteins showed slowed growth. SWL1 protein extracts from root tips, where amyloplasts localize, were also analyzed. In root tissues, the SWL1-specific band was not detected (Fig. 7c) . Although the SWL1 transcript was ubiquitously expressed in all wild-type tissues examined (Fig. 7a, b) , SWL1 protein accumulation was probably suppressed in non-green tissues. Taken together, our results suggest that SWL1 protein abundance is not parallel to the transcript levels and is tissue specific.
SWL1 accumulation during leaf development
Although SWL1 was expressed in various rice tissues, the accumulation of SWL1 protein was tissue specific (Fig. 7) . Subsequently, SWL1 expression and SWL1 accumulation during chloroplast and leaf development were examined. Rice leaf developmental is classified into seven stages (P0-P6). Leaf founder cells form leaf primordia (P0-P3) and become fully expanded leaves (P6; Itoh et al. 2005) . In this study, we used 2-week-old wild-type plants with emerging fifth leaves (Fig. 8a) . Total RNA and protein were extracted from the third leaf (L3), fourth leaf (L4) and fifth leaf (L5) inside the L4 sheath, and a 3 mm piece at the shoot base (SB) corresponding to the P6, P5, P4 and P0-P3 stages, respectively. In addition, L5 was divided into three parts, 1 cm pieces at the basal (L5b), middle (L5m) and apical (L5a) regions, because chloroplasts develop dramatically during the P4 stage (Kusumi et al. 2010) . RT-PCR analysis showed that SWL1 was transcribed roughly at the same level in leaves at the P0-P3 to P6 stages (Fig. 8b) . On the other hand, Western blot analysis showed that SWL1 protein gradually increased during the P4 stage and accumulated abundantly in leaves at the P5 and P6 stages (Fig. 8c) . No SWL1 was detected in leaves at the P0 to early P4 stages. Leaves at the P0-P3 stages contain undeveloped plastids, and thylakoid membranes gradually develop in leaves at the P4 stage (Kusumi et al. 2010) . Therefore, our results suggest that SWL1 accumulation increased in the course of thylakoid membrane development. In addition, SWL1 synthesis appeared not to be induced until plastid 16S and 23S rRNAs were transcribed (Fig. 8b) . 
Ultrastructural analysis of swl1-stb plastids
Since accumulation of the chloroplast-localized protein SWL1 was observed in green leaves and etiolated leaves, it was anticipated that SWL1 would play a role in chloroplast and etioplast formation. The chloroplasts in wild-type plants contained welldeveloped grana thylakoids and unstacked stroma thylakoids (Fig. 9a) . Ultrastructures of the swl1-stb seedlings grown under light conditions revealed that the plastids completely lacked thylakoid membrane structure and accumulated vesicles of various sizes (Fig. 9b, c) . The vesicles formed a plexus structure similar to that of PLBs (Fig. 9c) . Etioplasts are the typical plastid found in dark-grown seedlings and characterized by PLBs with paracrystalline lattice-like membrane structures. In dark-grown wild-type plants, etioplasts contained extensive PLBs, and lamellar prothylakoids were dispersed (Fig. 9d) . In plastids of dark-grown swl1-stb plants, small lattice-like structures, instead of PLBs, were sometimes observed (Fig. 9e) . Also, vesicles forming ring-shaped structures were frequently observed (Fig. 9f) . Osmiophilic globules, plastoglobule lipoprotein particles physically coupled to PLBs (Fig. 9d) , were infrequently observed in etiolated leaves of swl1-stb seedlings (Fig. 9e, f) . These observations suggest that the function of SWL1 is not only associated with thylakoid membrane development at the early stage but also with PLB development in the dark. Furthermore, plastid ultrastructures of root tissues were examined, but no significant difference was observed between the wild-type and swl1-stb plants ( Supplementary Fig. S4 ). The electron microscopic analysis supported our Western blotting results (Fig. 7c) .
Discussion
Although albino mutants provide important information for plastid development, genetic analysis is difficult due to their lethal phenotype. In this study, we isolated a mutable albino phenotype mutant, swl1-v (Fig. 1) , from a rice transposon tagging line using the nDart1/aDart1 system and characterized the function of SWL1, encoding a novel chloroplast-localized protein.
The mutable allele swl1-v was successfully identified using the newly developed nDart1-0-iPCR procedure. The nDart1/ aDart1 tagging line contains the most frequently transposed nDart1-0 and the other nDart1 elements (Tsugane et al. 2006 , Takagi et al. 2010 . Introduction of the BmtI cleavage step into the iPCR procedure allowed the detection of nDart1-0-specific integration sites (Fig. 2) . Compared with the nDart1-0-TD procedure, nDart1-0-iPCR has some advantages, including being a simple protocol without special equipment and techniques, time saving, and low cost. Depending on the insertion sites of nDart1-0 and their flanking sequences, one of the two alternative procedures may be more advantageous than the other. Thus, these two procedures are rather complementary to each other and allow us to identify nDart1-0-specific integration sites efficiently.
The nDart1 elements tend to integrate into promoterproximal genic regions (Takagi et al. 2010 ). The swl1 mutant was also caused by insertion of nDart1-0 13 bp upstream of the ATG initiation codon of the SWL1 gene (Fig. 3) . The insertion of nDart1-0 conferred downstream shifts in the transcription initiation site, causing a frameshift mutation in the swl1 mutant (Fig. 4) . Previous studies have also shown that nDart1 insertion affects the transcription initiation site or expression level of the downstream gene. In the pyl-v mutant, OsClpP5 was disrupted by nDart1 insertion into the 5 0 UTR (Tsugane et al. 2006 ). Analysis of a rice mutant that exhibited increased inflorescence revealed that insertion of nDart1 up-regulated the expression level of the downstream gene ABERRANT PANICLE ORGANIZATION1 (Ikeda-Kawakatsu et al. 2009 ). The nDart1/aDart1 tagging line is expected to provide not only loss-of-function mutants but also gain-of-function mutants.
Database searches revealed that the SWL1-like sequence was conserved in green land plants (Fig. 5a) . It was speculated that the plant-specific SWL1-like genes are involved in plastid development rather than in the photosynthesis mechanism because the homologous sequence was not found in the chlorophytes. Plants may have gained SWL1-like genes in response to plastid differentiation and terrestrial stresses such as excessive light and drought during evolution. The Arabidopsis SWL1 ortholog (At3g14900), which shares 49% amino acid sequence identity with rice SWL1, has been reported as an Arabidopsis EMB gene (Mutwil et al. 2010 , Bryant et al. 2011 ). In the phylogenetic tree Fig. 9 Plastid ultrastructures of wild-type (WT) and swl1-stb plants. Chloroplasts from tertiary leaf blades of WT (a) and swl1-stb (b and c) seedlings grown under light conditions. Etioplasts from the tertiary leaf blades of WT (d) and swl1-stb (e and f) seedlings germinated in the dark. G, grana thylakoid; S, stroma thylakoid; PG, plastoglobule; PLB, prolamellar body. The arrowhead indicates a ring-shaped structure formed from vesicles. Scale bars = 500 nm. of SWL1 proteins, dicots formed a group distinct from monocots. This may imply the functional specialization of SWL1 proteins between monocot and dicot plants. No functional domain sites were detected in SWL1 and its putative orthologs, but they possessed an E/D-rich region (Fig. 5b) . The E/D-rich acidic domains have been identified in several proteins, especially in animals. An example is NAPP2, a bifunctional protein acting as a transcription co-repressor through histone deacetylase activity and peroxisome biogenesis (Gavva et al. 2002) . The following are other examples: CITED and HMG1 are a non-DNA-binding transcriptional cofactor and a protein associated with chromatin remodeling, respectively (Stros et al. 1994 , Ng et al. 2009 ); the mitochondria-localized E-rich protein is involved in hormone biosynthesis (Jin et al. 2012 ); a plastid ribosomal protein RPL4 was predicted as a transcriptional regulator that conserves the E/D-rich domain (Trifa et al. 1998) ; and a stress kinase MtSK1 contains an E-rich region (Nolan et al. 2006) . SWL1 function could not be inferred using a bioinformatics approach because the functions of E/D-rich proteins were varied. Hence, we attempted to reveal a previously unknown function of SWL1 with experimental studies.
We experimentally confirmed the chloroplast localization of SWL1 (Fig. 6) , which was predicted to carry the N-terminal chloroplast transit peptide. Our RT-PCR analysis showed that SWL1 transcript was abundant in various rice tissues, including green leaves and root tissues (Fig. 7a) . The SWL1 gene was also expressed equally in green leaves and etiolated leaves (Fig. 7b) . These data suggest that SWL1 gene expression is not tissue specific or light dependent. Thus, we hypothesized that SWL1 protein would also accumulate in various rice tissues and function in various types of plastid development. However, immunoblot analysis using an SWL1-specific antibody showed the tissue-specific accumulation of SWL1 protein (Fig. 7c) . In contrast to the level in green leaves, the SWL1 protein level in etiolated leaves was decreased (or severely decreased in some samples), and the accumulation was not detected in root tissues. Proper chloroplast biogenesis would require a higher amount of SWL1 protein than the amount needed for etioplasts. The SWL1 translation efficiency or SWL1 stability must be activated during the chloroplast development from etioplasts. SWL1 does not seem to be required for amyloplast development. Furthermore, SWL1 abundance was examined throughout leaf development. Whereas SWL1 was constitutively expressed, the SWL1 protein level significantly increased during the P4 stage and abundantly accumulated in leaves at the P5 and P6 stages. Plastid division mainly occurs at the P0 to early P4 stages, and then activation of the photosynthetic apparatus begins during the P4 stage (Kusumi et al. 2010) . Our results suggest that SWL1 functions during thylakoid development in chloroplasts with an established plastid genetic system. As well as in non-green tissues, the SWL1 abundance during chloroplast development was post-transcriptionally regulated. Despite ubiquitous expression of the SWL1 gene, the protein level was strictly regulated based on plastid types and chloroplast developmental stages. The SWL1 translation would be activated by signals from developing chloroplasts or, alternatively, the protein degradation would be highly induced in nongreen tissues and chloroplasts at the early developmental stage. Thus, a key factor for SWL1 translation must exist.
Ultrastructural analysis revealed that the swl1-stb albino leaf contained aberrant chloroplasts that completely lacked the thylakoid membrane (Fig. 9b, c) . Etiolated leaves of darkgrown swl1-stb seedlings contained aberrant etioplasts without PLB paracrystalline lattices (Fig. 9e, f) . Taken together with the Western blot data, SWL1 must play a crucial role in the early step of plastid internal membrane organization and be involved in transition pathways from proplastids into both etioplasts and chloroplasts. SWL1 may have a function in the biogenesis of a precursor of chloroplast components.
We conclude that analysis of monocot mutants has the potential to reveal gene functions that have not yet been clarified in Arabidopsis research. Further analysis to elucidate molecular functions of SWL1 and various unidentified and/or uncharacterized albino alleles using the nDart1/aDart1 tagging system will shed light on the mechanisms of chloroplast development and plastid differentiation.
Materials and Methods
Plant materials and growth conditions
The variegated albino plant swl1-v was obtained among the progeny of a backcross of the pyl-v line to Taichung 65 (Tsugane et al. 2006) . From selfed progeny of swl1-v, a plant containing a revertant allele in the homozygous condition was obtained and used for determination of a footprint generated by the excision of nDart1-0. Stable albino swl1-stb seedlings were obtained as segregants in the selfed progeny by utilizing the line that bears the swl1 allele heterozygously and contains no aDart1 element. Sterilized seeds were put on a modified White's medium (Omura et al. 1977) . Plants were grown in a growth chamber under light conditions (10 h of light and 14 h of darkness) or continuous darkness at 30 C, or in pots under natural conditions.
General nucleic acid procedures
General nucleic acid procedures, including the preparation of genomic DNA and RNA, and PCR and RT-PCR amplifications, were performed as previously described (Tsugane et al. 2006 , Shimatani et al. 2009 ). The 5 0 -RACE was performed using the GeneRacer Kit (Life Technologies) and the SuperScript III Reverse Transcriptase (Life Technologies).
nDart1-0-iPCR
The genomic DNA (1.5 mg) was cleaved with AluI, and a portion of the AluI-cleaved DNA (1 mg) was subjected to self-ligation. After cleaving with BmtI, iPCR amplification was carried out with primers Inv3 and Inv5 (Supplementary Table S1 ): initial denaturation (94 C for 2 min), 25 cycles of denaturation (94 C for 1 min), annealing (65 C for 1 min) and extension (72 C for 3 min), followed by a final extension (72 C for 5 min). The nested PCR amplification was followed with primers Inv4 and Inv6 (Supplementary Table S1 ): initial denaturation (94 C for 2 min), 23 cycles of denaturation (94 C for 1 min), annealing (60 C for 1 min) and extension (72 C for 3 min), followed by a final extension (72 C for 5 min). The PCR-amplified fragments were separated by 1.5% (w/v) agarose gel electrophoresis, purified using the Ultra Clean Gel spin DNA purification kit (Mo Bio Laboratories) and cloned into the pGEM-T Easy Vector System (Promega) for sequence analysis.
Plasmid construction
From total RNA isolated from the wild-type Taichung 65 plant, the full-length SWL1 cDNA was prepared by RT-PCR amplification with primers SWL-ATG-EcoRI and SWL-BamHI (Supplementary Table S1 ). The EGFP fusion vector pEZS-NL-SWL1 was constructed by introducing the 1.9 kb cDNA fragment with EcoRI-BamHI sites to EcoRI-BamHI sites residing between the CaMV 35S promoter and the EGFP coding region in the pEZS-NL vector (http://deepgreen.stanford.edu/cell%20imaging%20 site%20/html/vectors.html) to create a C-terminal fusion to EGFP.
The plasmid vector pCAM-SWL1 was constructed by inserting a SpeI-BstEII fragment that contains the entire coding region of the SWL1 cDNA prepared by PCR amplification with primers SWL-ATG-SpeI-2 and SWL-TAG-BsTEII-2 (Supplementary Table S1 ), into SpeI-BstEII sites downstream of the CaMV 35S promoter in the pCAMBIA1305.1 vector.
To obtain the SWL1-glutathione S-transferase (GST) fusion protein, an SWL1 coding fragment amplified with primers SWL-ATG-BamHI and SWL-TAG-EcoRI (Supplementary Table S1 ) was cloned into the BamHI-EcoRI sites of the pGEX-6P-1 vector (GE Healthcare).
Complementation of the swl1 allele
The pCAM-SWL1 vector was used to transform Rhizobium radiobacter (Agrobacterium tumefaciens) strain EHA105. Agrobacterium-mediated rice transformation was performed as described previously (Shimatani et al. 2009 ).
Phylogenetic analysis
The Neighbor-Joining phylogenetic tree was constructed with MEGA 5.05 (http://www.megasoftware.net) using the Poisson correction method. Putative SWL1 orthologs were predicted using the National Center for Biotechnology Information database (http://www.ncbi.nlm.nih.gov), the Phytozome 7.0 database (http://www.phytozome.net) and the MIPS (http://mips. helmholtz-muenchen.de/plant/tomato).
Transient expression assay
The EGFP expression vector pEZS-NL-SWL1 was introduced into tobacco (Nicotiana tabacum cv. Petit Havana) leaves using the Biolistic PDS-1000/He Particle Delivery System (BioRad). The vector DNA (2.5 mg) was mixed with 1.0 mm gold particles and bombarded into the leaves placed on halfstrength Murashige and Skoog (MS) medium using 1,350 p.s.i. pressure rupture discs. After incubation in the dark at 28 C for 12-40 h, the subcellular localization of the EGFP fusion protein was detected using a fluorescence microscope (Keyence BZ-8000). Fluorescence and Chl autofluorescence were detected using 450-490 and 540-580 nm excitation filters and 510-560 and 600-660 nm emission filters, respectively.
Expression and purification of SWL1 protein
The recombinant protein SWL1-GST was expressed in Escherichia coli BL21 (DE3) cells by adding 80 mM isopropyl-b-D-thiogalactopyranoside at 20
C for 18 h. The harvested cells were resuspended in lysis buffer [50 mM Tris-HCl, 0.5 M NaCl and 0.5 mM phenylmethylsulfonyl fluoride (PMSF)] and lysed by sonication at 4 C. The lysate was centrifuged for 10 min at 9,000 r.p.m. The supernatant was incubated with pre-equilibrated Glutathione Sepharose 4B resin (GE Healthcare) at 4 C for 1 h. The proteins were eluted with elution buffer (50 mM Tris-HCl, pH 9.0, 400 mM NaCl and 20 mM glutathione) and quantified by Coomassie staining of a 7.5% (w/v) SDSpolyacrylamide gel using bovine serum albumin as a standard. Protein samples were dialyzed with 1Â phosphate-buffered saline. The purified recombinant SWL1 was injected into rabbits to produce SWL1 antibody.
Immunoblotting
Proteins were extracted from plant tissues with extraction buffer [50 mM Tris-HCl, pH 8.0, 10 mM NaCl, 1% (w/v) SDS, 0.1 mM dithiothreitol (DTT), 5% (v/v) b-mercaptoethanol and 0.1 mM PMSF]. The total protein concentration was evaluated using the Qubit Fluorometer and Quant-iT Protein Assay Kit (Life Technologies). Protein samples heated in sample buffer at 65 C for 15 min were separated using 10% (w/v) SDS-polyacrylamide gels and were electroblotted to a polyvinylidene fluoride membrane (Millipore). The membrane blocked with 5% (w/v) skim milk in TBST [25 mM Tris-HCl, pH 7.4, 137 mM NaCl, 2.68 mM KCl and 0.05% (v/v) Tween-20] was incubated with anti-Actin (Agrisera; dilution, 1 : 2,500) and anti-SWL1 (dilution, 1 : 500) antibodies followed by incubation with goat anti-rabbit IgG antibodies (Jackson ImmunoResearch; dilution, 1 : 10,000). Immunoprobed proteins were visualized with EzWestLumi plus (ATTO).
Transmission electron microscopy
Plant tissue samples were pre-fixed with 2% (v/v) glutaraldehyde in 0.1 M cacodylate buffer (pH 7.0) at 4 C for 3 h and rinsed in the same buffer overnight. The samples were then post-fixed with 2% (w/v) osmium tetroxide at 4 C for 3 h, dehydrated in a graded series of ethanol, and embedded in epoxy resin at 60 C. Ultrathin sections (70-80 nm) made by using an LKB-8800 ultramicrotome (GoIndustry DoveBid) were stained with 2% (w/v) uranyl acetate for 10 min, stained in a lead-staining solution for 5 min and examined using a transmission electron microscope, JEM-2000EX (JEOL), at 100 kV.
Supplementary data
Supplementary data are available at PCP online.
Funding
This work was supported by the Ministry of Education, Culture, Sports, Science and Technology (MEXT) of Japan [Nos. 22780007, 25450013 and No. 2453 
Disclosures
The authors have no conflicts of interest to declare.
